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SUMMARY 
A silicon carbide (SIC) fiber reinforced titanium (Ti-15V-3Cr-3Sn-3Al) 
composite i s metal lographi cal ly examined. Several methods for examining com- 
posite materials are investigated and documented. Polishing techniques for 
this material are described. An interference layering method is developed to 
reveal the structure of the fiber, the reaction zone, and various phases within 
the matrix. Microprobe and transmission electron microscope (TEM) analyses 
are performed on the fiberlmatrix interface. A detailed description of the 
fiber distribution as well as the microstructure of the fiber and matrix are 
presented. 
INTRODUCTION 
The development of low-earth-orbit and hypersonic vehicles necessitates 
the application of high-strength, low-weight materials. This need has spawned 
large-scale research programs to investigate one of the few possible material 
systems that can satisfy such requirements: composite materials. The Advanced 
High Temperature Engine Materials Technology Program at NASA Lewis Research 
Center is one of these programs. This program will develop the technology 
needed to apply composite materials to high-performance propulsion systems. 
This program involves both the Materials and Structures Divisions and will pro- 
vide guidance for composite development from the fabrication of the composite 
constituents to structural analysis methodologies. 
In support of this program, a commercially available SiC/Ti-15V-3Cr-3A1-3Sn 
(henceforth called SiC/Ti-15-3) composite is being researched. Although tita- 
ni um a1 loys are not general ly thought of as hi gh-temperature 'materi a1 s , thi s 
alloy is believed to exhibit some of the characteristics of future high- 
temperature composite systems. Thus, this alloy acts as a model for more 
advanced composites, enabling the necessary technology to be currently devel- 
oped. As the more advanced, high-temperature composites become available, an 
easier transition can be made with minimal setup time. 
The change from monolithic materials to composites research introduces a 
variety of new and complex problems. Even simple procedures such as specimen 
cutting and metallographic preparation become a challenge with composite mate- 
rials. The purpose of this report is twofold: (1) to investigate and document 
some o f  the common me ta l l og raph i c  techniques t h a t  can be used f o r  composi te 
m a t e r i a l s  and (2 )  t o  document t he  i n i t i a l  micro-  and mac ros t r uc tu re  o f  t he  
SiCITi-15-3 m a t e r i a l  t o  p r o v i d e  guidance f o r  t he  s t r u c t u r a l  mechanics modeler. 
EXPERIMENTAL PROCEDURE 
O p t i c a l  Microscopy 
A l l  specimens were sec t ioned  by us i ng  a  0.30-mm-thick diamond-impregnated 
(320 mesh, h i g h  diamond concen t ra t i on ) ,  t h i n - s e c t i o n i n g  wheel and mounted i n  
an epoxy r e s i n .  The specimens were prepared w i t h  automated m e t a l l o g r a p h i c  
equipment such as t h a t  desc r ibed  i n  r e fe rence  1. A resin-bonded, 115-pm d ia -  
mond g r i n d i n g  d i s k  was used t o  g r i n d  t he  specimens f l a t .  Subsequent diamond 
g r i t s  o f  65 and 26 pm were used f o r  f i n e r  g r i n d i n g .  I n  a l l  cases, a  20-kPa 
head pressure was a p p l i e d  t o  t he  specimens. The g r i n d i n g  d i s k  v e l o c i t y  was 
150 rpm, and water was used as a  l u b r i c a n t .  
A f t e r  t h e  f i n a l  g r i n d i n g ,  t h e  specimens were lapped on a  copper- i ron-epoxy 
composite l a p p i n g  d i s k ,  which had been sprayed w i t h  a  6-pm diamond s l u r r y .  The 
head p ressure  and wheel v e l o c i t y  were t h e  same as i n  t h e  g r i n d i n g  o p e r a t i o n s ;  
however, an alcohol-based l u b r i c a n t  was used i n s t e a d  o f  water .  A f t e r  4 min, 
a d d i t i o n a l  l a p p i n g  was done on po lymer ic  l a p p i n g  d i s k s  w i t h  a  6-pm diamond 
s l u r r y  and subsequent ly  w i t h  a  3-pm diamond s l u r r y .  
Refinement o f  t he  m i c r o s t r u c t u r e  r e q u i r e d  p o l i s h i n g  w i t h  f i n e  diamond. 
Th is  was accomplished on a  hard  s y n t h e t i c  c l o t h  w i t h  1-pm diamond ab ras i ve .  
The p o l i s h i n g  parameters were s i m i l a r  t o  those i n  l app ing ,  except  t h a t  t h e  head 
p ressure  was inc reased  t o  30 kPa. F i n a l  p o l i s h i n g  was performed f o r  4 t o  24 h r  
on a  v i b r a t o r y  p o l i s h i n g  machine by u s i n g  0.5-pm diamond pas te  and e t h y l  g l y c o l  
a p p l i e d  t o  a  s y n t h e t i c  v e l v e t  c l o t h .  Se lec ted  specimens were e tched  w i t h  a  
s o l u t i o n  o f  100 m l  H20, 6  m l  HNO3, and 3  m l  HF. 
Se lec ted  specimens were coated w l t h  an i n t e r f e r e n c e  l a y e r  t o  a l l o w  easy 
d i f f e r e n t i a t i o n  between phases. The i n t e r f e r e n c e  1  ayer  was appl  i e d  a t  a  2-mbar 
p a r t i a l  p ressure  o f  oxygen w i t h  t h e  specimen l o c a t e d  15 t o  20 mm f r o m  a  c h i 1  l e d  
p l a t i n u m  t a r g e t .  The cathode c u r r e n t  was 50 t o  55 mA and was appl  i ed f o r  
200 sec. These c o n d i t i o n s  p rov i ded  an i n t e r f e r e n c e  l a y e r  which appeared l i g h t  
b l ue  i n  c o l o r  a t  a  m a g n i f i c a t i o n  o f  1X. 
Scanning E l e c t r o n  Microscopy (SEMI 
Po l i shed  specimens were examined a t  a c c e l e r a t i n g  vo l t ages  o f  15 and.20 kV 
i n  t he  as-po l ished,  etched, o r  i n t e r f e r e n c e - l a y e r e d  c o n d i t i o n s .  Elemental  
x-ray a n a l y s i s  i n v o l v i n g  spo t  modes, analog l i n e  scans, and d o t  mapping was 
performed as necessary.  
Transmiss ion E l e c t r o n  Microscopy (TEM) 
Rectangular  rods  3  by  2  by 10 mm were sec t ioned  f r om a  composi te coupon by 
u s i n g  a  t h i n - s e c t i o n i n g  diamond wheel. The specimen corners  were ground on a  
65-pm (220 g r i t )  diamond wheel u n t i l  t h e  maximum d iagona l  d imension was l e s s  
than 3  mm. TEM b lanks  hav ing  a  t h i c kness  o f  0.3 t o  0.5 mm were c u t  f r o m  these 
rods  pe rpend i cu l a r  t o  t h e  f i b e r s  by u s i n g  a  diamond wheel. They were ground t o  
a  t h i ckness  o f  200 pm w i t h  6-pm diamond l a p p i n g  f i  lms. The b lanks  were subse- 
q u e n t l y  d impled by u s i n g  a  16-mm-diameter by 1.5-mm-thick r o t a t i n g  b rass  wheel, 
which was coated w i t h  a  15-pm diamond s l u r r y .  N i n e t y  micrometers  o f  m a t e r i a l  
was removed f r o m  each s i d e  o f  t he  b l ank .  The f i n a l  10 pm o f  m a t e r i a l  removal 
on each s i d e  was performed by us i ng  a  3-pm diamond s l u r r y .  The d i m p l i n g  proce- 
dure was stopped s h o r t l y  be fo re  p e r f o r a t i o n  o f  the  f o i  1  by t he  brass wheel . 
T h e r e a f t e r ,  t he  d impled f o i l s  were ion-beam m i l l e d  a t  5 kV and a t  a  gun c u r r e n t  
of 0 .4  mA. The f o i l s  were i n c l i n e d  -10" t o  t h e  i o n  beam. Coo l i ng  t h e  specimen 
w i t h  l i q u i d  n i t r o g e n  was found necessary t o  ensure a  more u n i f o r m  t h i n n i n g  r a t e  
o f  a l l  t h e  c o n s t i t u e n t s .  Th is  process r e q u i r e d  about one day t o  t h i n  a  f o i l  
t h a t  was s u i t a b l e  f o r  v i ew ing  i n  t he  TEM a t  120 kV. 
RESULTS 
Mac ros t ruc tu re  
The composite was rece i ved  i n  sheet f o rm  w i t h  a  nominal t h i c kness  o f  2  mm. 
The m a t e r i a l  was conso l i da ted  by AVCO S p e c i a l t y  Meta ls  D i v i s i o n  under a  p r o p r i -  
e t a r y  process.  A l t e r n a t e  l a y e r s  o f  S i c  f i b e r s  (SCS-6) and f o i l s  o f  Ti-15-3 
were hot-pressed t o  y i e l d  sheets c o n s i s t i n g  o f  e i g h t  l a y e r s  o f  f i b e r s  and n i n e  
l a y e r s  o f  t i t a n i u m  a l l o y  f o i l  i n  a  u n i d i r e c t i o n a l  layup.  A t y p i c a l  c ross  sec- 
t i o n  showing t h i s  layup  can be seen i n  f i g u r e  1. There appeared t o  be no 
p o r o s i t y ,  and t he  f i b e r  d i s t r i b u t i o n  was r e l a t i v e l y  un i fo rm.  The average 
f i b e r  volume f r a c t i o n ,  measured by  u s i n g  t he  p o i n t  i n t e r c e p t  count  method 
( r e f .  2 1 ,  was found t o  be 36 percen t .  F i be r - cen te r - t o - f i be r - cen te r  d i s t ance  
w i t h i n  a  row v a r i e d  f r om 145 pm ( i . e . ,  t he  f i b e r s  were touch ing)  t o  about 
290 pm. I n  t he  case o f  t ouch ing  f i b e r s , t h e r e  was always a  c rack  a t  t he  p o i n t  
o f  tangency, as dep i c t ed  i n  f i g u r e  2. S ince l a r g e  amounts o f  inhomogeneous 
f l o w  occu r red  i n  the  m a t r i x  d u r i n g  c o n s o l i d a t i o n ,  the  f i b e r  cen te r s  i n  any row 
v a r i e d  about  an average c e n t e r l i n e  by a  maximum o f  about 50 pm. An average 
sepa ra t i on  between t h e  cen te r s  o f  any two f i b e r  rows was measured as 350k20 pm. 
These dimensions y i e l d  an a r r a y  o f  f i b e r s  which can be s imu la ted  f o r  model ing 
purposes as a  r e c t a n g l e  ( f i g .  1) hav ing  corners  a t  t he  f i b e r  cen te r s  and hav ing  
average edge leng ths  o f  220 pm p a r a l l e l  t o  the  f i b e r  rows and 350 pm perpendic-  
u l a r  t o  t he  rows. 
M i c r o s t r u c t u r e  
M a t r i x .  - The Ti-15-3 m a t r i x  was rece i ved  i n  t he  annealed s t a t e .  I t  
cons i s t ed  p r i m a r i l y  o f  t he  metastab le  P-Ti phase. Th is  phase has a  body- 
cen te red  cub ic  (bee) c r y s t a l  s t r u c t u r e  hav ing  a  l a t t i c e  parameter o f  
3.226k0.002 A as measured by x-ray d i f f r a c t i o n .  Ana l ys i s  o f  the  chemical com- 
p o s i t i o n  o f  the  m a t r i x  by a  plasma a r c  technique y i e l d e d  t he  f o l l o w i n g  con ten ts  
i n  we igh t  percen t :  T i ,  77.7; V, 13.2; A l ,  3.2; Cr,  3.1; Sn, 2.6; and Fe, 0.2. 
The g r a i n  s t r u c t u r e  i s  shown i n  f i g u r e  3. The g r a i n s  a re  g e n e r a l l y  orthorhom- 
b i c  i n  shape, hav ing  boundar ies bo th  p a r a l l e l  and pe rpend i cu l a r  t o  t he  f i b e r  
rows. The boundar ies a re  r e l a t i v e l y  s t r a i g h t  and appear t o  be f r e e  o f  any par -  
t i c l e s .  Between f i b e r s  w i t h i n  a  row, t h e r e  a re  o f t e n  sma l l e r  g r a i n s .  An aver-  
age g r a i n  s i z e  measurement was n o t  performed because o f  t he  i r r e g u l a r  shape o f  
t he  g r a i n s .  A reasonable d e s c r i p t i o n  o f  t he  g r a i n  s i z e  f o r  model ing purposes 
would be g r a i n s  o f  or thorhombic  shape hav ing  one dimension equal t o  t he  spac ing 
between t he  f i b e r  rows (350 pm), another  dimension about h a l f  o f  t he  f i b e r  
spac ing w i t h i n  a  row (110 pm), and t he  rema in ing  dimension p a r a l l e l  t o  t he  
f i b e r  a x i s  (200 pm). 
W i t h i n  each l a r g e  g r a i n ,  a  subs t ruc tu re  can be seen ( f i g .  4 ) ,  t h e  bounda- 
r i e s  o f  which a re  decorated by a  second phase. The second phase a l s o  p r e c i p i -  
t a t e d  w i t h i n  the  smal l  g r a i n s  ( f i g .  4 ) .  When viewed a t  a  lower  m a g n i f i c a t i o n  
( f i g .  31, i t  appears t h a t  t h i s  phase i s  r e s t r i c t e d  t o  t he  m a t r i x  between f i b e r  
rows. 
An examinat ion of a  specimen which had been sec t ioned  p a r a l l e l  t o  the  f i b -  
e r s  revea led  a  d i s t r i b u t i o n  o f  smal l  equiaxed g r a i n s  immed ia te ly  su r round ing  
the f i b e r s .  Th is  can be r e a d i l y  observed i n  f i g u r e  5 i n  an area j u s t  below a  
f i b e r  ( i . e . ,  where t he  f i b e r  has been p o l i s h e d  away t o  r evea l  t he  m a t r i x  
d i r e c t l y  below i t ) .  The g r a i n  d iameters  i n  t h i s  area range f r o m  10 t o  80 pm. 
Numerous p a r t i c l e s  -3 pm i n  s i z e  cou ld  be observed i n  t h e  g r a i n  boundar ies as 
w e l l  as i n  t he  g r a i n  i n t e r i o r s .  The h o r i z o n t a l  l i n e  i n  f i g u r e  5  i s  t h e  laminae 
boundary. 
One o f  t he  m idd le  f i b e r  rows i n  f i g u r e  3  e x h i b i t s  a  darkened a rea  weaving 
around t he  f i b e r s .  Th is  occu r red  t o  some e x t e n t  i n  a t  l e a s t  one f i b e r  row i n  
each me ta l l og raph i c  mount. A h i ghe r  m a g n i f i c a t i o n  ( f i g .  6)  d e p i c t s  t h e  f i n e  
s t r u c t u r e  o f  such an area. The l a r g e  w h i t e  p a r t i c l e s  t h a t  connect t h e  f i b e r s  
were shown t o  be r i c h  i n  T i  and C  by SEM x-ray energy d i s p e r s i v e  (XEDS) and 
wavelength d i s p e r s i v e  (WDS) spect roscopy.  Th is  i m p l i e s  t h a t  t hey  were TIC. 
Between t he  T i c  p a r t i c l e s  i s  an a c i c u l a r  phase, which,  on t he  b a s i s  o f  o p t i c a l  
microscopy and XEDS a n a l y s i s ,  i s  b e l i e v e d  t o  be an a -  s t r u c t u r e .  The dark  
phase was examined by u s i n g  a  s tandard less  e lementa l  x-ray a n a l y s i s .  The r e -  
s u l t s  a re  shown i n  t a b l e  I f o r  t he  dark  area and f o r  t he  m a t r i x .  I t  can be 
seen t h a t  t he  dark  areas con ta ined  l e s s e r  amounts o f  A l ,  V ,  Cr,  and Sn, b u t  
more T i  than the  m a t r i x .  
F i b e r .  - The Sic (SCS-6) f i b e r  was manufactured by Avco S p e c i a l t y  Meta ls  
D i v i s i o n .  I t  was produced by a  chemical vapor d e p o s i t i o n  (CVD) process which 
has been descr ibed  elsewhere ( r e f s .  3  and 4 ) .  The f i b e r  i s  a  complex, m u l t i -  
l a ye red  s t r u c t u r e  ( f i g .  71, which s t a r t s  as a  33-pm-diameter carbon mono f i l a -  
ment a t  t he  cen te r  o f  t he  f i b e r  ( r e g i o n  1 ) .  A p y r o l y t i c  carbon c o a t i n g  was 
depos i ted  on t he  carbon core ( r e f .  3) up t o  a  t h i c kness  o f  1 .5  pm ( r e g i o n  2 ) .  
Th is  c o a t i n g  c o n s i s t s  of f ea the ry  g r a i n s ,  which a re  e longa ted  i n  t h e  r a d i a l ,  o r  
growth,  d i r e c t i o n .  S i l i c o n  ca rb i de  i s  depos i t ed  upon t h i s  s u b s t r a t e .  A t  t he  
i n t e r f a c e  o f  t he  p y r o l y t i c  carbon c o a t i n g  and t h e  S i c  ( f i g .  8 ) ,  t h e  SIC forms 
f i r s t  as smal l  equiaxed c r y s t a l l i t e s  hav ing  a  d iameter  o f  -0.03 pm. As t he  S i c  
grows, the  g r a i n s  become e longa ted  ( f i g .  8)  i n  t h e  r a d i a l  d i r e c t i o n  ( r e g i o n  3 ) .  
A t  21 pm f rom the  p y r o l y t i c  c o a t i n g ,  t h e r e  i s  a  change i n  s t r u c t u r e  ( f i g .  7 ) .  
A t  t h i s  p o i n t  the  S i c  g r a i n  d iameter  inc reases  by about a  f a c t o r  o f  t h r e e  
( r e g i o n  4 ) .  From t h i s  t r a n s i t i o n  t o  t he  o u t e r  r a d i u s  o f  t h e  S i c ,  t h e  f i b e r  
c o n s i s t s  o f  l a r g e  e longa ted  g r a i n s ,  as shown i n  t h e  TEM image i n  f i g u r e  9 (a ) .  
The g r a i n s  a re  h e a v i l y  f a u l t e d ,  and t h i s  g i ves  r i s e  t o  s t r eaks  i n  t h e  co r re -  
sponding e l e c t r o n  d i f f r a c t i o n  p a t t e r n  ( f i g .  9 ( b ) ) .  A l s o  shown i n  t h e  d i f f r a c -  
t i o n  p a t t e r n  i s  an as te r i sm,  which i s  i n d i c a t i v e  o f  s l i g h t  m i s o r i e n t a t i o n s  
between t he  g r a i n s .  The (111) d i f f r a c t i o n  spots  a re  p a r a l l e l  t o  t h e  growth 
d i r e c t i o n ,  and t h e  a s t e r i s m  i n  these spots  i n d i c a t e s  t h a t  n o t  a l l  g r a i n s  have 
p e r f e c t l y  p a r a l l e l  <Ill> d i r e c t i o n s .  An enlargement o f  a  s i n g l e  S i c  g r a i n  i s  
d e p i c t e d  w i t h  dark  f i e l d  imagery i n  f igure 10(a>.  The C0111 d i f f r a c t i o n  pa t -  
t e r n  ( f i g .  10(b))  i n d i c a t e s  t h a t  a  C l l l l  d i r e c t i o n  i s  p a r a l l e l  t o  t h e  l ong  
dimension o f  t h e  g r a i n .  The (111) f a u l t  p lanes  a re  seen i n  t h e  edge-on 
c o n d i t i o n .  
A t  t he  o u t e r  r a d i u s  of t h e  S i c  f i b e r  i s  a  3-pm-thick c o a t i n g  ( r e g i o n  5 i n  
f i g .  7 ) .  I n  bo th  o p t i c a l  ( f i g .  7)  and TEM micrographs ( f i g .  11) t h e  c o a t i n g  
appeared t o  c o n s i s t  o f  two l a y e r s .  However, on c l o s e r  i n s p e c t i o n  r e g i o n  5  con- 
s i s t s  o f  severa l  zones, which have been numbered t o  cor respond t o  t h e  n o t a t i o n  
o f  N u t t  and Wawner ( r e f .  5 ) .  Zone I ( f i g .  11) forms on t h e  S i c  and i s  0.05 t o  
0.06 pm t h i c k .  Zone I 1  i s  0.65 t o  1.10 pm t h i c k  and con ta i ns  smal l  c r y s t a l -  
l i t e s .  The t h i r d  zone c o n s i s t e d  p r i m a r i l y  o f  an amorphous l a y e r .  A d i f f r a c -  
t i o n  p a t t e r n  o f  zone I11 ( f i g .  12) showed d i f f u s e  r i n g s  w i t h  no p r e f e r r e d  
o r i e n t a t i o n .  Th is  zone ends a t  t h e  d e f i n i t i v e  boundary observed i n  bo th  f i g -  
u r e  11 and i n  t h e  o p t i c a l  m ic rograph  ( f i g .  7). Zone I V  extends f r om t h i s  
boundary t o  t he  r e a c t i o n  zone, a d i s t ance  o f  about  0.85 pm. Small c r y s t a l l i t e s  
can a l s o  be observed i n  zone I V .  
X-ray e lementa l  ana lyses f o r  s i l i c o n  con ten t  u s i n g  TEM were performed a t  
v a r i o u s  l o c a t i o n s  w i t h i n  t h i s  c o a t i n g .  Four teen analyses were taken across t he  
coa t i ng .  The d iameter  o f  t h e  a rea  be ing  analyzed was approx imate ly  0.08 pm. 
The r e s u l t s  a re  p resen ted  i n  f i g u r e  13. The b r i g h t  f i e l d  micrograph ( l owe r  
photo)  and the  graph have a  one-to-one correspondence so t h a t  t he  s i l i c o n  con- 
t e n t  a t  i n d i v i d u a l  l o c a t i o n s  i n  t h e  c o a t i n g  can be e a s i l y  c o r r e l a t e d .  These 
r e s u l t s  a re  q u a l i t a t i v e ,  i n d i c a t i n g  o n l y  r e l a t i v e  changes i n  t h e  s i l i c o n  con- 
t e n t .  Changes i n  t he  compos i t i on  a re  a l s o  assumed t o  be a  r e s u l t  o n l y  o f  t he  
a c t u a l  change i n  s i l i c o n  con ten t  and n o t  changes i n  t h e  f o i l  t h i c kness .  An 
inc rease  i n  t he  volume o f  m a t e r i a l  be i ng  analyzed ( i . e . ,  t h i c k e r  f o i l )  w i l l  
r e s u l t  i n  t he  emiss ion of  more x-rays ( r e f .  6), and t h e  m a t e r i a l  w i l l  appear t o  
have a  h i ghe r  s i l i c o n  con ten t .  No obv ious  t h i ckness  change was observed w i t h i n  
t h i s  c o a t i n g  because o f  t h e  l a c k  o f  i n t e n s i t y  v a r i a t i o n s  i n  t he  nega t i ve .  How- 
ever ,  i t  was n o t i c e d  t h a t  t h e  S i c  was t h i n n e r  ( l e s s  x-ray emiss ion) ,  and t he  
m a t r i x  t h i c k e r  (more x- ray emiss ion) ,  than t he  coa t i ng .  
The elemental  a n a l y s i s  i n d i c a t e s  t h a t  t h r e e  s i l i c o n - r i c h  zones a re  p resen t  
w i t h i n  t he  coa t i ng .  The f i r s t  occu r red  a t  t he  SIC c o a t i n g  i n t e r f a c e  (zone I). 
The Si  con ten t  dropped s h a r p l y  as zone I 1  began and remained cons tan t  through- 
o u t  zone 11. An inc rease  i n  S i  s t a r t e d  w i t h  t h e  beg inn ing  o f  zone I11 and 
con t inued  t o  inc rease  t o  a  maximum a t  the  i n t e r f a c e  o f  zones I11 and I V .  A 
sharp drop i n  S i  a t  t h i s  i n t e r f a c e  was f o l l o w e d  by a  gradual  i nc rease  o f  S i  i n  
zone I V  as t he  r e a c t i o n  zone was approached. 
A r e a c t i o n  ( r e g i o n  6) formed a t  t he  i n t e r f a c e  between zone I V  and t he  
t i t a n i u m  m a t r i x .  Th is  r e a c t i o n  zone had a  t h i c kness  o f  0.10 t o  0.35 pm. I t s  
d i s t a n c e  f r om the  o u t e r  d iamete r  o f  t he  S i c  v a r i e d  g r e a t l y ,  p robab l y  depending 
on the original roughness o f  the zone IV coating. The reaction zone was com- 
posed o f  t i n y  c r y s t a l  1  i t e s  hav ing  dimensions on t he  o r d e r  o f  0.01 t o  0.2 pm 
( f i g .  14 (a>>,  which gave r i s e  t o  a  ve r y  complex d i f f r a c t i o n  p a t t e r n  
( f i g .  14(b)) .  Smal ler  c r y s t a l l i t e s  were l o c a t e d  a t  t h e  c o a t i n g  s i d e  o f  t he  
r e a c t i o n  zone, whi l e  1  a rge r ,  more w i d e l y  separated p a r t i c l e s  were observed on 
t h e  m a t r i x  s ide.  A da r k  f i e l d  micrograph imaged w i t h  a  d i f f r a c t i o n  spot  f r om  a  
p a r t i c l e  a t  t he  c o a t i n g  s i d e  o f  t h e  r e a c t i o n  zone i s  shown i n  f i g u r e  15. The 
same d i f f r a c t i o n  spot  a l s o  imaged ve ry  f i n e  p a r t i c l e s  w i t h i n  zone I V  o f  t he  
ca rbon- r i ch  coa t i ng .  
To r e v e a l  compos i t i ona l  d i f f e r e n c e s  a t  t h e  f i b e r l m a t r i x  i n t e r f a c e ,  a  
microprobe a n a l y s i s  was performed f o r  t he  f o l l o w i n g  elements:  T i ,  V,  Cr,  A l ,  
C, S i ,  and 0 .  A q u a l i t a t i v e  a n a l y s i s  was done i n  t h e  f o rm  o f  an analog l i n e  
scan. The r e l a t i v e  changes i n  t he  element concen t ra t i ons  were recorded  as t h e  
e l e c t r o n  beam moved across t h e  specimen. The examined specimen was c u t  l o n g i -  
t u d i n a l l y  (a lmos t  p a r a l l e l  t o  t he  f i b e r s )  so t h a t  t h e  t h i c kness  o f  t he  c o a t i n g 1  
r e a c t i o n  zone cou ld  be exaggerated. S ince t he  probe s i z e  was l a r g e r  than t he  
c o a t i n g  t h i c kness ,  t he  compos i t i on  o f  severa l  zones was averaged, r educ ing  t he  
a b i l i t y  t o  d e f i n e  smal l  e lementa l  d i f f e r e n c e s .  Never the less ,  l a r g e  composi- 
t i o n a l  changes were observed. The t r a c e  o f  t h e  beam i s  d e p i c t e d  i n  f i g u r e  16. 
P l o t s  o f  x-ray i n t e n s i t y  (which i s  p r o p o r t i o n a l  t o  t h e  amount o f  t h e  element 
p resen t )  w i t h  r espec t  t o  p o s i t i o n  i s  g i v e n  i n  f i g u r e  17. For ease o f  represen- 
t a t i o n  t he  o r i g i n a l  p l o t s  were smoothed and a l l  background no i se  removed. No 
c o r r e c t i o n  was made f o r  abso rp t i on .  The v e r t i c a l  s ca le  f o r  each i n d i v i d u a l  
element, i s  d i f f e r e n t ,  and t he re fo re  element- to-element i n t e n s i t i e s  cannot be 
compared. However, s i g n i f i c a n t  changes i n  compos i t i on  f o r  any one element can 
be es t imated  by comparing t he  change i n  i n t e n s i t y  t o  t he  we igh t  pe rcen t  o f  t h a t  
p a r t i c u l a r  element a t  i t s  maximum va lue  ( i . e . ,  t h e  amount i n  t he  m a t r i x  o r  i n  
t he  f i b e r ) .  A lso ,  oxygen was n o t  represen ted  i n  these p l o t s  s i nce  t he  measured 
amount o f  oxygen d i d  n o t  va r y  a t  any l o c a t i o n  above t he  background ( i . e . ,  no 
oxygen segrega t ion ) .  
P l o t s  o f  t he  microprobe da ta  a re  separated i n t o  two e lementa l  groups: 
(1 )  S i ,  C, T i  ( f i b e r  c o n s t i t u e n t s ,  f i g .  17 (a>>  and (2 )  T i ,  V, Cr ,  A1 ( m a t r i x  
c o n s t i t u e n t s ,  f i g .  17 (b ) ) ,  where T i  serves as a  c ross  r e fe rence .  I n  
f i g u r e  17(a) the  carbon extends w e l l  i n t o  t h e  r e a c t i o n  zone, s l o w l y  decreas ing  
t o  i t s  va lue  i n  t he  m a t r i x .  S i l i c o n ,  on t h e  o t h e r  hand, peaks i n s i d e  t h e  reac- 
t i o n  zone near the  m a t r i x .  The m a t r i x  elements T i ,  V, and Cr show an inc rease  
a t  the  i n t e r f a c e  o f  zone I V  and t he  r e a c t i o n  zone ( f i g .  17 (b ) ) .  I n  t h e  reac- 
t i o n  zone Cr,  V, and A1 show l a r g e  v a r i a t i o n s  and a  s teady i nc rease  u n t i  1  the  
m a t r i x  i s  reached. A t  t h a t  p o i n t  t he  l e v e l s  o f  a l l  e lements become cons tan t .  
DISCUSSION 
Mac ros t ruc tu re  
The i n t e g r i t y  o f  t h e  SiCITi-15-3 composi te m a t e r i a l  was g e n e r a l l y  good. 
There were no observed pores o r  vo i ds  nor  were t h e r e  r eg ions  o f  unbonded areas 
e i t h e r  a t  t h e  f i b e r l m a t r i x  i n t e r f a c e  o r  a t  t he  i n t e r f a c e  between laminae. 
There were occas iona l  f i b e r s  c o n t a i n i n g  ve ry  f i n e  r a d i a l  c racks  ( n o t  necessar- 
i l y  assoc ia ted  w i t h  t ouch ing  f i b e r s )  which n o r m a l l y  were v i s i b l e  o n l y  upon 
e t ch i ng .  However, i t  i s  n o t  known i f  the  c racks  were a  r e s u l t  of f a b r i c a t i o n  
o r  due t o  me ta l l og raph i c  p r e p a r a t i o n .  
On t h e  b a s i s  o f  t h e  m a c r o s t r u c t u r a l  obse rva t i ons ,  a  model a r r a y  o f  f i b e r s  
w i t h i n  t h e  m a t r i x  was suggested. The a r r a y  c o n s i s t e d  o f  a  r e c t a n g l e  w i t h  f i b e r  
cen te rs  a t  t h e  co rners .  The edge l eng ths  were 220 pm p a r a l l e l  t o  t h e  f i b e r  
rows and 350 pm pe rpend i cu la r  t o  t he  rows. Th i s  a r r a y  s imu la tes  t h e  a c t u a l  
macros t ruc tu re  f a i r l y  w e l l  s i nce  t h e  d i s t a n c e  between f i b e r  cen te r s  perpendicu-  
l a r  t o  t h e  rows d i d  n o t  va r y  by more than  10 percen t .  There was a  l a r g e r  v a r i -  
a t i o n  between f i b e r  cen te rs  w i t h i n  a  row s i nce  t h e  cen te r - to -cen te r  d i s t a n c e  
v a r i e d  by about a  f a c t o r  of two. The most severe case r e s u l t e d  when t h e  f i b e r s  
touched ( f i g .  2 ) .  Th i s  l e d  t o  c r a c k i n g  o f  t he  f i b e r  c o a t i n g  and occas iona l  
debonding of  t he  c o a t i n g  w i t h i n  t he  a rea  of  con tac t .  An examina t ion  o f  1600 
f i b e r s  i n d i c a t e d  t h a t  6.3 pe rcen t  o f  t h e  f i b e r s  touched o r  were c l o s e  enough t o  
one another  t o  induce c o a t i n g  cracks.  (Note:  t h i s  number counts  o n l y  one o f  
t h e  p a i r  of t ouch ing  f i b e r s .  ) Touching f i b e r s  have been shown i n  o t h e r  metal  
m a t r i x  composites t o  be a  weak spo t  degrad ing t h e  composi te p r o p e r t i e s  ( r e f s .  7 
and 8) .  A l though t he  f i b e r  sepa ra t i on  i s  nonuni form w i t h i n  a  row, t h e  genera l  
d i s t r i b u t i o n  o f  f i b e r s  i s  much b e t t e r  than  t h a t  observed i n  composi tes f a b r i -  
ca ted  by us i ng  a  l i q u i d  i n f i l t r a t i o n  method. I n  these cases f i b e r s  o f t e n  f o rm  
c l u s t e r s  i n  which many f i b e r s  touch and l a r g e  areas o f  m a t r i x  a re  n o t  r e i n -  
f o r c e d  ( r e f s .  7 and 8 ) .  
M i c r o s t r u c t u r e  
M a t r i x .  - The g r a i n  s t r u c t u r e  i n  t h i s  m a t e r i a l  i s  unusual i n  t h a t  t he  
g r a i n s  a re  or thorhombic  i n  shape, a l t hough  t h e r e  a re  some g r a i n s  which a re  more 
equiaxed. The g r a i n s  i n  t h i s  composi te appeared t o  have grown t o  t h e  e x t e n t  o f  
t h e  o r i g i n a l  Ti-15-3 f o i l  t h i c kness .  Th i s  i s  t y p i c a l  f o r  g r a i n  g rowth  i n  t h i n  
sheets i n  which t he  g r a i n s  grow ac ross  t h e  t h i ckness  o f  t he  sheet  ( r e f .  9). 
The i n t e r n a l  g r a i n  boundar ies a re  pe rpend i cu l a r  t o  t he  f r e e  su r face ;  t h i s  m i n i -  
mizes the  boundary area.  Du r i ng  ho t -p ress i ng  o f  t he  composi te,  t he  g r a i n s  
should  be capable o f  f u r t h e r  growth across t h e  laminae. The movement o f  t h e  
h o r i z o n t a l  boundar ies i s  r e s t r i c t e d  because o f  t he  presence o f  f i n e  p a r t i c l e s  
a t  the  i n t e r l am inae  su r f ace  ( f i g .  5 ) .  These p a r t i c l e s  p robab l y  f o rm  f r om 
o rgan i cs  (e.g., d i r t )  on t h e  su r f ace  o f  t h e  laminae, which a re  n o t  removed 
be fo re  c o n s o l i d a t i o n .  There a re  some ins tances  where g r a i n s  t r a v e r s e  t h e  lami-  
nae boundar ies,  b u t  t h i s  seldom occur red .  
Immediate ly  su r round ing  t he  f i b e r s  a r e  f i n e r ,  more equiaxed g r a i n s  
( f i g .  5) .  These g r a i n s  have s i zes  i n  t h e  range 10 t o  80 pm and a re  p robab l y  a  
r e s u l t  o f  r e c r y s t a l l i z a t i o n  d u r i n g  f a b r i c a t i o n .  Du r i ng  c o n s o l i d a t i o n  t h e r e  i s  
a  l a r g e  amount o f  v i s c o p l a s t i c  f l o w  i n  t he  r e g i o n  o f  t h e  f i b e r s .  Th i s  i s  nec- 
essary  t o  ensure complete bonding. The h i g h  s t r a i n s  p robab l y  produce l a r g e  
d i s l o c a t i o n  d e n s i t i e s  i n  these areas, which should  p rov i de  a  s u f f i c i e n t  d r i v i n g  
f o r c e  f o r  the  r e c r y s t a l l i z a t i o n  process.  F u r t h e r  g r a i n  growth i n  t h i s  a rea  i s  
i n h i b i t e d  because o f  t he  l a r g e  number o f  p a r t i c l e s  ( f i g .  5 ) .  These p a r t i c l e s  
a re  o u t l y i n g  p o r t i o n s  o f  t h e  r e a c t i o n  zone. 
The smal l  g r a i n s  may p resen t  problems a t  e l eva ted  temperatures.  S ince 
creep r a t e s  a re  i n v e r s e l y  p r o p o r t i o n a l  t o  t he  g r a i n  d iameter ,  t h i  s  a rea  around 
t he  f i b e r s  w i l l  c reep f a s t e r  than t he  sur round ing  m a t r i x  and as such cou ld  
absorb l a r g e  amounts o f  s t r a i n .  Sma l le r  g r a i n s  a l s o  have more g r a i n  boundary 
area per  u n i t  volume, p r o v i d i n g  a d d i t i o n a l  pa ths  f o r  oxygen d i f f u s i o n  and 
e m b r i t t l i n g  t he  i n t e r f a c e  r e g i o n .  Th is  weakened area, coupled w i t h  t h e  h i g h  
s t resses  a t  t he  i n t e r f a c e  due t o  d i f f e r e n c e s  i n  p r o p e r t i e s  between t h e  m a t r i x  
and the  f i b e r ,  make t h i s  a  weak l i n k  i n  t h e  composite. 
Occas iona l l y  observed were areas o f  what appeared t o  be p a r t i c l e s  woven 
around the  f i b e r s  ( f i g s .  3  and 6 ) .  T i t an i um w i res  a re  woven between t he  S i c  a t  
approx imate ly  5-mm i n t e r v a l s  a long  t he  f i b e r  l e n g t h  t o  keep t h e  f i b e r s  p a r a l l e l  
d u r i n g  f a b r i c a t i o n .  The l a r g e  w h i t e  p a r t i c l e s  i n  f i g u r e  6  were a  r e s u l t  o f  
t h i s  r e a c t i o n .  Chemica l l y  analyzed w i t h  the  SEM and found t o  be h i g h  i n  T i  
and C, these p a r t i c l e s  a r e  p robab l y  T i c .  The s o l u b i l i t y  o f  C  i n  T i  i s  ve r y  low 
( r e f .  101, and t h e r e f o r e  l i t t l e  C  i s  r e q u i r e d  t o  form these p a r t i c l e s .  The 
smal l  p a r t i c l e s  between t h e  laminae ( f i g .  5) a re  a l s o  suspected t o  be T i c  as 
determined by t h e i r  c o l o r  due t o  i n t e r f e r e n c e  l a y e r i n g .  
I n  t he  m a t r i x  between t he  woven carb ides  was a  coarse l a m e l l a r  s t r u c t u r e .  
S ince no major compos i t i ona l  d i f f e r e n c e s  were observed between t h e  two l a m e l l a r  
phases, t h i s  s t r u c t u r e  i s  b e l i e v e d  t o  be a-l3 T i .  The coarse l ame l l ae  a re  r e -  
p o r t e d l y  a  r e s u l t  o f  ve r y  s low c o o l i n g  ( r e f .  10) .  Surrounding t h e  woven car-  
b ides  was a  dark  phase ( f i g .  3 ) .  Elemental a n a l y s i s  i n d i c a t e d  t h i s  area t o  be 
lean  i n  V, A l ,  Cr, and Sn, b u t  r i c h  i n  T i  compared t o  t he  m a t r i x .  No o t h e r  
d i f f e rences  were observed between t he  m a t r i x  and t h i s  phase. On t h e  bas i s  o f  
the  chemical  a n a l y s i s  and i t s  appearance, t he  dark  a rea  i s  b e l i e v e d  t o  be the  
l3'-phase. The P'-phase i s  a  s o l u t e  lean,  coherent ,  bcc zone which forms where 
p r e c i p i t a t i o n  o f  t he  a-phase i s  s l u g g i s h  ( r e f .  11 ) .  I t  has been observed i n  
severa l  P -T i -a l loys  ( r e f s .  11 t o  13). 
F i b e r .  - The SCS-6 f i b e r  was produced by a  CVD process i n  which S i c  i s  
depos i ted  on a  carbon core  monof i lament .  On t h i s  co re  i s  a  l a y e r  o f  p y r o l y t i c  
g r a p h i t e  which p rov i des  a  u n i f o r m l y  smooth su r f ace  on which t h e  S i c  can be 
depos i ted  ( r e f s .  3  and 5 ) .  Th i s  c o a t i n g  has f e a t h e r y  g r a i n s  e longa ted  i n  the  
growth,  o r  r a d i a l ,  d i r e c t i o n  ( f i g .  8) .  The p r ime c o n s t i t u e n t  o f  t h e  f i b e r  i s  
S i c .  A ca rbon- r i ch  c o a t i n g  i s  depos i ted  upon t h e  S i c  t o  y i e l d  a  f i n a l  f i b e r  
r a d i u s  o f  145 pm. The carbon c o a t i n g  i s  a p p l i e d  t o  inc rease  t h e  s t r e n g t h  o f  
t he  f i b e r ,  p r i m a r i l y  by r educ ing  su r f ace  f l a w s  ( r e f .  3 ) .  
Three g r a i n  s i zes  o f  SIC e x i s t  w i t h i n  t h e  f i b e r .  The f i r s t  i s  immediate ly  
ad jacen t  t o  t he  p y r o l y t i c  carbon l a y e r  and has a  smal l  equiaxed g r a i n  s i z e  o f  
0.03 pm ( f i g .  8 ) .  As t he  S i c  was f u r t h e r  depos i ted ,  t h e  g r a i n s  inc reased  i n  
s i z e  and assumed an e longa ted  shape. The l o n g  dimension o f  t he  g r a i n s  was par-  
a l l e l  t o  t he  growth d i r e c t i o n  and had an aspect  r a t i o  o f  about 10. T h i s  g r a i n  
s i z e  remained cons tan t  u n t i l  about  ha l fway  th rough  t he  Sic, where a  d i s t i n c t  
change can be observed ( f i g .  7). Th is  i s  due t o  a  change i n  g r a i n  s i z e  o f  t he  
Sic, r e s u l t i n g  f r o m  a  v a r i a t i o n  i n  t h e  d e p o s i t i o n  gases d u r i n g  t h e  CVD process 
( r e f s .  4 and 5 ) .  The g r a i n s  a re  l a r g e r  i n  t h e  o u t e r  h a l f  o f  t he  f i b e r .  
The f i b e r  i s  composed o f  t he  P-Sic phase ( r e f s .  3  t o  5) which has a  face- 
cen te red  cub i c  ( f c c )  c r y s t a l  s t r u c t u r e  ( r e f .  14) .  A d e t a i l e d  d e s c r i p t i o n  o f  
t h i s  s t r u c t u r e  i s  g i v e n  i n  r e f s .  4  and 5, and o n l y  a  few p e r t i n e n t  d e t a i l s  
w i l l  be ment ioned here.  The g r a i n s  have a  p r e f e r e n t i a l  growth d i r e c t i o n  o f  
<Ill> ( f i g s .  9  and 101, which i s  p a r a l l e l  t o  t h e  l ong  dimension o f  t he  g r a i n .  
However, t he  g r a i n s  a re  n o t  a l l  p e r f e c t l y  p a r a l l e l .  The s l i g h t  m i s o r i e n t a t i o n  
g i ves  r i s e  t o  an a s t e r i s m  i n  the  (111) d i f f r a c t i o n  spots ,  as d e p i c t e d  i n  f i g -  
u re  9 ( b > .  The l i n e s  r u n n i n g  pe rpend i cu l a r  t o  t h e  growth d i r e c t i o n  a re  s t a c k i n g  
f a u l t s  ( r e f s .  4, 5, 14, and 15) .  I n  t h e  da rk  f i e l d  image i n  f i g u r e  10(a) t he  
g r a i n  normal i s  p a r a l l e l  t o  an C O l l l  d i r e c t i o n ,  and t h e  f a u l t s  a re  observed 
edge-on ( r e f .  5 ) .  D is tu rbances  i n  t h e  s t a c k i n g  sequence g i v e  r i s e  t o  t h e  v a r i -  
ous s t r eaks  shown i n  t he  d i f f r a c t i o n  p a t t e r n s  i n  f i g u r e s  9 (b>  and 10(b ) .  
The v a r i o u s  sec t i ons  o f  t he  SCS-6 f i b e r  a re  d i f f i c u l t  t o  d i s c e r n  i n  t he  
as -po l i shed  s t a t e .  E t ch ing  i s  d i f f i c u l t  t o  do and r e q u i r e s  h e a t i n g  t o  500 "C 
( r e f .  4 ) ,  which i s  abus ive t o  t he  m a t r i x .  Normal a c i d  e tches t o  r e v e a l  m a t r i x  
s t r u c t u r e s  a re  n o t  s u f f i c i e n t  t o  r evea l  t he  f i b e r  d e t a i  1s. However, t he  i n t e r -  
f e rence  l a y e r i n g  technique d i d  accen tua te  smal l  c o n t r a s t  d i f f e r e n c e s ,  and i t  
p e r m i t t e d  i d e n t i f i c a t i o n  o f  each i n d i v i d u a l  zone. I n  t h i s  process,  a  t h i n  l a y e r  
o f  P t  i s  depos i ted  on t he  su r f ace  o f  t h e  specimen. D i f f e r e n c e s  i n  t h e  r e f l e c -  
t i o n  o f  l i g h t  a t  t he  m e t a l I P t ,  P t / a i r  i n t e r f a c e  r e s u l t  n o t  o n l y  i n  a  c o n t r a s t  
enhancement, b u t  i n  a  c o l o r  sepa ra t i on  f o r  each phase. The p a r t i c u l a r  c o l o r s  
which f o rm  and the  magnitude o f  t he  c o n t r a s t  depend on t he  o p t i c a l  cons tan ts  o f  
t h e  phases i n  t he  s u b s t r a t e  and i n  t he  P t  l a y e r .  A d e t a i l e d  e x p l a n a t i o n  o f  
t h i s  e f f e c t  can be found i n  r e fe rence  16. F i gu re  7  i s  a  micrograph o f  an 
i n te r f e rence -1  ayered specimen revea l  i ng d i s t i n c t l y  t he  carbon core ,  t he  pyro- 
l y t i  c coa t i ng ,  the  m id rad ius  g r a i n  s i z e  change, t he  i n d i v i d u a l  coa t i ngs  on t he  
f i b e r  su r face ,  the  r e a c t i o n  zone, and va r i ous  m a t r i x  f e a t u r e s .  Each a rea  ap- 
peared as a  d i f f e r e n t  c o l o r  o r  shade o f  c o l o r  when viewed under v i s i b l e  l i g h t .  
Th i s  process i s  i d e a l  f o r  h i g h l i g h t i n g  phase d i f f e r e n c e s  i n  meta l  m a t r i x  com- 
p o s i t e s ,  which can be observed by u s i n g  o p t i c a l  microscopy o r  SEM. The coat -  
i n g  i s  q u i c k l y  a p p l i e d  and can be removed w i t h  a  c o t t o n  swab and a l c o h o l .  I n  
c o n t r a s t ,  the  removal o f  an e t c h  must be done by r e p o l i s h i n g  t he  specimen, a  
t ime- invo lved  process f o r  these composites. 
The SCS-6 f i b e r  was developed p r i m a r i l y  f o r  r e i n f o r c i n g  t i t a n i u m  a l l o y s  
( r e f .  3 ) .  The carbon- r i ch  c o a t i n g  on t h e  o u t e r  d iameter  o f  t h e  f i b e r  was 
t a i l o r e d  n o t  o n l y  t o  improve t h e  s t r e n g t h  o f  t he  f i b e r ,  b u t  t o  c o n t r o l  t he  
f i b e r - m a t r i x  r e a c t i o n .  I t  has a  S i  con ten t  which e x h i b i t s  a  maximum ha l fway  
th rough  t he  c o a t i n g  and a t  t he  o u t e r  su r f ace  o f  t h e  coa t i ng .  Th i s  was con- 
f i r m e d  w i t h  the  microprobe a n a l y s i s  ( f i g .  17) as w e l l  as w i t h  t h e  TEM a n a l y s i s  
( f i g .  13).  I t  appeared, however, t h a t  t he  f i r s t  S i  maximum occu r red  a t  -2.2 pm 
f rom the  S i c  ( f i g .  13) r a t h e r  than a t  1.5 pm, as suggested i n  r e fe rence  3. 
Th i s  peak corresponded t o  t h e  s a l i e n t  change i n  t he  c o a t i n g  s t r u c t u r e ,  which 
was e v i d e n t  even i n  o p t i c a l  micrographs.  The l i n e  sepa ra t i ng  these two s t r u c -  
t u r e s  always appeared -213 o f  t he  way t o  t he  su r f ace  o f  t h e  coa t i ng .  Th i s  can 
a l s o  be seen i n  t he  l o n g i t u d i n a l l y  c u t  f i b e r s  ( f i g .  16).  A l s o  assoc ia ted  w i t h  
t h e  change i n  g r a i n  s i z e  i s  a  change i n  t he  o p t i c a l  p r o p e r t i e s  o f  t he  Sic. 
When TEM t h i n  f o i l s  were viewed under t r a n s m i t t e d  l i g h t ,  t he  o u t e r  p o r t i o n  
( l a rge -g ra i ned  S i c )  o f  t h e  f i b e r  was t r anspa ren t ,  b u t  t he  i n n e r  p o r t i o n  (sma l l -  
g ra i ned  and equiaxed-grained SIC) as w e l l  as t he  carbon core  were opaque. The 
t ransparency  i n d i c a t e s  h i g h  p u r i t y  i n  t he  o u t e r  p o r t i o n  o f  t he  f i b e r  ( r e f .  17).  
Several  zones w i t h i n  t h i s  c o a t i n g  have been i d e n t i f i e d  i n  r e fe rence  5 
f o r  an SCS-2 f i b e r .  A l though these f i b e r s  have a  s l i g h t l y  d i f f e r e n t  c o a t i n g  
than  t h a t  o f  the SCS-6 f i b e r  used i n  t h i s  s tudy,  t he  numbering scheme i n  r e f e r -  
ence 5 has been adopted i n  t h i s  r e p o r t  ( f i g .  11).  Zone I i s  t he  t h i n  l a y e r  
ad jacen t  t o  the  S i c .  Th i s  l a y e r  c o n s i s t e d  of smal l  p a r t i c l e s  o f  S i c  i n  a ca r -  
bon m a t r i x .  Th is  would be c o n s i s t e n t  w i t h  t h e  h i g h  S i  con ten t  observed i n  
f i g u r e  13. A s  zone I 1  i s  t r ave rsed ,  t he  amount o f  S i c  c r y s t a l l i t e s  d e c l i n e d  
a l t hough  t he  Si  con ten t  remained cons tan t .  Zone I11 i s  b a s i c a l l y  f e a t u r e l e s s  
and appeared t o  e x i s t  e n t i r e l y  o f  amorphous carbon (see d i f f r a c t i o n  p a t t e r n  i n  
f i g .  12) .  No S i c  c r y s t a l s  cou ld  be observed, nor  was t h e r e  any ev idence o f  a  
p r e f e r r e d  o r i e n t a t i o n  as was r e p o r t e d  f o r  SCS-2 f i b e r s  ( r e f .  5 ) .  A f t e r  t h e  
a b r u p t  m i c r o s t r u c t u r a l  change, zone I V  aga in  showed evidence o f  t i n y  c r y s t a l -  
l i t e s .  These a re  b e l i e v e d  t o  be TIC p a r t i c l e s  and w i l l  be d iscussed  f u r t h e r  i n  
t h e  f o l l o w i n g  paragraphs. 
On c o n s o l i d a t i o n  t he  m a t r i x  r e a c t s  w i t h  t he  f i b e r  c o a t i n g  t o  f o rm  a  reac-  
t i o n  p roduc t .  Th i s  p roduc t  t r a n s f e r s  l o a d  from t h e  f i b e r  t o  t h e  m a t r i x ,  and 
t he  q u a l i t y  o f  t he  bond between t he  r e a c t i o n  zone and e i t h e r  t he  f i b e r  o r  t he  
m a t r i x  u l t i m a t e l y  determines the p r o p e r t i e s  o f  t he  composite ( r e f .  18).  By 
us i ng  TEM micrographs t h e  r e a c t i o n  zone i n  t h i s  m a t e r i a l  was measured t o  be 
0.10 t o  0.35 pm t h i c k .  The r e a c t i o n  zone s i z e  o f  o t h e r  S iC IT i  composites i s  
usual  l y  l a r g e r  than 1  pm ( r e f s .  19 and 20) and can be as l a r g e  as 15 pm 
( r e f .  21 ) .  I n  a  few cases t he  s i z e  was 0.35 pm ( r e f .  22).  The ex t reme ly  smal l  
s i z e  o f  t he  r e a c t i o n  zone made i t  d i f f i c u l t  t o  examine. Also,  d u r i n g  t h i n n i n g  
o f  t he  TEM f o i  1  s  t he  r e a c t i o n  zone was t h e  f i r s t  m a t e r i a l  t o  be t h i nned  away, 
thus g r e a t l y  ex tend ing  t h e  t ime needed t o  produce a  f o i l  i n  which the  m a t r i x ,  
carbon coa t i ng ,  and SIC f i b e r  cou ld  be viewed s imu l taneous ly .  
The r e a c t i o n  zone cons i s t ed  o f  smal l  c r y s t a l l i t e s ,  those n e x t  t o  t he  
carbon c o a t i n g  hav ing  0.01-pm d iameters  and those ad jacen t  t o  t he  m a t r i x  hav ing  
0.1- t o  0.2-pm d iameters .  The r e a c t i o n  zone i s  n o t  a  cont inuous l a y e r  o r  f i l m  
as suggested by the  SEM and o p t i c a l  micrographs ( f i g s .  7 and 16) .  Because o f  
t h e  f i neness  o f  the  p a r t i c l e s ,  severa l  o f  them were analyzed w i t h i n  t h e  se lec ted  
a rea  ape r t u re  a t  one t ime.  Th is  y i e l d e d  a  d i f f r a c t i o n  p a t t e r n  such as t h a t  
observed i n  f i g u r e  14(b) .  A m u l t i t u d e  o f  spots  p resen t  as a  r e s u l t  o f  numer- 
ous g r a i n  o r i e n t a t i o n s  and va r i ous  c r y s t a l  s t r u c t u r e s  made i d e n t i f i c a t i o n  o f  
t he  p a r t i c l e s  imposs ib le  by conven t iona l  d i f f r a c t i o n  techniques.  An accura te  
i d e n t i f i c a t i o n  o f  t h e  p a r t i c l e s  cou ld  o n l y  be done w i t h  convergent  beam micros-  
copy i n  which the  beam cou ld  be focused t o  0.04 pm. However, a n a l y s i s  o f  t h i s  
t ype  i s  ex t reme ly  t ime  consuming and was n o t  deemed wo r thwh i l e  f o r  t he  p resen t  
s tudy.  
Chemical a n a l y s i s  o f  t he  r e a c t i o n  zone u s i n g  microprobe and XEDS analyses 
revea led  s u f f i c i e n t  i n f o r m a t i o n  t o  es t ima te  t he  a c t u a l  compos i t i on  o f  t he  con- 
s t i t u e n t s .  The pr ime c o n s t i t u e n t s  o f  t h e  r e a c t i o n  zone were T i  and C  (p robab ly  
T i c ) .  Th i s  can be observed i n  t h e  microprobe a n a l y s i s  i n  f i g u r e  17. A t  t he  
ca rbon- r i ch  c o a t i n g  (zone I V )  i n t e r f a c e  t h e r e  was a  h i g h  C  con ten t .  There were 
a l s o  smal l  peaks o f  V  and Cr a t  t h i s  i n t e r f a c e .  As t h e  r e a c t i o n  zone was t r a v -  
ersed i n  a  d i r e c t i o n  toward t he  m a t r i x ,  t he  C  con ten t  decreased, and S i ,  V, Cr, 
and A1 inc reased .  Scanning t r ansm iss i on  e l e c t r o n  microscopy (STEM) a n a l y s i s  
a l s o  i n d i c a t e d  a  h i g h  c o n c e n t r a t i o n  o f  S i  near t h e  m a t r i x .  The XEDS r e s u l t s  
suggested t h a t  t h e  p a r t i c l e s  ad jacen t  t o  t he  ca rbon- r i ch  c o a t i n g  a re  T i c .  The 
Cr and V  peaks i n  t h i s  a rea  suggested t h a t  they  may s u b s t i t u t e  i n  smal l  amounts 
f o r  t h e  T i .  The smal l  p a r t i c l e s  imaged by dark  f i e l d  microscopy w i t h i n  zone I V  
( f i g .  15) o f  t he  ca rbon- r i ch  c o a t i n g  a re  a l s o  b e l i e v e d  t o  be T i c  (because o f  
t he  h i g h  concen t ra t i ons  o f  T i  and C). Th i s  i n d i c a t e s  t h a t  T i  has d i f f u s e d  i n t o  
t he  coa t i ng .  N u t t  and Wawner ( r e f .  23) have r e p o r t e d  smal l  c r y s t a l l i t e s  i n  
zone I V  o f  t he  carbon-coat ing t o  be S i c .  Because o f  t he  smal l  s i z e  o f  these 
p a r t i c l e s ,  an exac t  i d e n t i f i c a t i o n  cou ld  n o t  be made. However, t h e  much 
g r e a t e r  amount o f  T i  than  S i  i n  t h i s  a rea  lends suppor t  t o  t he  presence of T i c .  
On t he  m a t r i x  s ide ,  t he  r e a c t i o n  p roduc ts  were composed o f  T i  and S i  and there -  
f o r e  were presumed t o  be t i t a n i u m  s i l i c i d e s ,  a l though  once aga in  o t h e r  elements 
may s u b s t i t u t e  f o r  T i .  A t  t he  t i p  o f  t h e  r e a c t i o n  zone i n  f i g u r e  16 t h e r e  were 
i s l a n d s  o f  r e a c t i o n  p roduc ts  d ispersed  w i t h i n  t he  m a t r i x .  A l t e r n a t i n g  areas o f  
m a t r i x  and r e a c t i o n  zone r e s u l t  i n  t he  peaks observed f o r  V, Cr ,  and A1 i n  
f i g u r e  17(b) .  
O ther  researchers  ( r e f s .  19, 20, and 24) have i d e n t i f i e d  r e a c t i o n  prod- 
u c t s  i n  o t h e r  S iC IT i  composites t o  be TIC and T igS i3 .  Dudek e t  a l .  ( r e f .  19) 
i d e n t i f i e d  t h r e e  zones w i t h i n  t h e  r e a c t i o n  p roduc ts  by u s i n g  Auger spec t ro -  
scopy. The smal l  p a r t i c l e s  near t he  f i b e r  were T i c ,  t he  l a r g e r  p a r t i c l e s  near 
t he  m a t r i x  were T igS i3 ,  and t he  p a r t i c l e s  i n  t h e  m idd le  were a  m i x t u r e  o f  bo th .  
T i c  and T igS i3  were a l s o  observed i n  t h e  r e a c t i o n  zone i n  a  t i t a n i u m  a lum in i de  
composi te ( r e f .  24).  Rhodes and Spur1 i n g  ( r e f .  20) found t h r e e  s imi  l a r  zones 
i n  Ti-6A1-4V r e i n f o r c e d  w i t h  SIC (SCS-6) f i b e r s .  However, t he  compos i t i on  was 
s l i g h t l y  d i f f e r e n t  from t h a t  found by  Dudek e t  a l .  ( r e f .  19).  Us ing  convergent  
beam microscopy, Rhodes and S p u r l i n g  ( r e f .  20) i d e n t i f i e d  a  l a y e r  o f  T i c  and 
T i5S i3  ad jacen t  t o  t he  ca rbon- r i ch  coa t i ng ,  TIC i n  t h e  m idd le  o f  t h e  r e a c t i o n  
zone, and T igS i3  n e x t  t o  t h e  m a t r i x .  They observed no p a r t i c i p a t i o n  of Cr o r  V  
i n  t h e  r e a c t i o n  p roduc ts ;  however, t h i s  i s  c o n t r a r y  t o  t h a t  observed i n  t h i s  
i n v e s t i g a t i o n .  
SUMMARY OF RESULTS 
The as- rece i  ved s t r u c t u r e  o f  t he  SiC/Ti-15-3 composi te system was i n v e s t i -  
gated by u s i n g  va r i ous  me ta l l og raph i c  techniques.  A  summary o f  t he  more p e r t i -  
nen t  m i c r o s t r u c t u r a l  f e a t u r e s  i s  l i s t e d  as f o l l o w s :  
1. The S i c  (SCS-6) f i b e r  d i s t r i b u t i o n  w i t h i n  t h e  m a t r i x  approximated a  
r e c t a n g u l a r  a r ray .  Average f i b e r  cen te r - to -cen te r  d i s t ances  were 220 pm w i t h i n  
a  row and 350 pm between rows. F i b e r  sepa ra t i on  w i t h i n  any row v a r i e d  g r e a t l y .  
Out o f  1600 f i b e r s ,  6.3 percen t  o f  them touched and always con ta ined  c o a t i n g  
cracks a t  t he  p o i n t  o f  tangency. The f i b e r  volume f r a c t i o n  was measured as 
36 percen t .  
2. The g r a i n s  w i t h i n  the  m a t r i x  were g e n e r a l l y  o r thorhombic  i n  shape w i t h  
an average dimension o f  200 pm p a r a l l e l  t o  t he  f i b e r s  and w i t h  l eng ths  o f  110 
and 350 pm i n  t he  t ransverse  p lane .  
3. A  s e r i e s  o f  sma l l ,  more equiaxed g r a i n s  o f  d iameters  i n  t h e  range 10 t o  
80 pm surrounded t h e  f i b e r s .  
4 .  T i  t a n i  um w i res  were woven around t he  f i b e r s  t o  keep them para1 l e l  dur -  
i n g  f a b r i c a t i o n .  Upon consol  i d a t i o n  t he  w i res  formed p a r t i c l e s  which were h i g h  
i n  T i  and C  (p robab ly  T i c ) .  Between t h e  p a r t i c l e s  was a  l a m e l l a r  s t r u c t u r e  
which was b e l i e v e d  t o  be a- and 0-T i .  The m a t r i x  su r round ing  t h i s  woven 
s t r u c t u r e  had appeared t o  t ransform t o  t he  s o l u t e  l e a n  P'-phase. 
5. The f i b e r s  were composed o f  a  carbon core,  upon which a  p y r o l y t i c  car -  
bon c o a t i n g  was depos i ted .  S i c  was b u i l t  up on t h i s  core by u s i n g  a  chemical 
vapor d e p o s i t i o n  (CVD) process. Small equiaxed g r a i n s  were observed ad jacen t  
t o  t he  p y r o l y t i c  coa t i ng .  The S i c  g r a i n s  became e longa ted  as t he  f i b e r  diame- 
t e r  increased.  The g r a i n s  were h e a v i l y  f a u l t e d .  
6. An i n t e r f e r e n c e  l a y e r i n g  technique was developed which p e r m i t t e d  easy 
i d e n t i f i c a t i o n  o f  the  va r i ous  f i b e r  reg ions .  
7 .  A carbon- r i ch  c o a t i n g  was a p p l i e d  t o  t h e  f i b e r  su r face .  Four zones 
were i d e n t i f i e d  w i t h i n  t h i s  coa t i ng .  The compos i t i on  and s t r u c t u r e  o f  each 
zone were i d e n t i f i e d .  
8. A r e a c t i o n  zone 0.10 t o  0.35 pm t h i c k  formed a t  t h e . i n t e r f a c e  between 
t he  m a t r i x  and t he  f i b e r .  Th is  zone cons i s t ed  o f  v e r y  smal l  c r y s t a l l i t e s ,  
which were b e l i e v e d  to  be T i c  a t  t h e  f i b e r  s i d e  and T i s S i 3  a t  t h e  m a t r i x  s i d e  
of  the  r e a c t i o n  zone. 
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FIGURE 1. - FIBER DISTRIBUTION IN SlC/Ti -15-3 COMPOSITE (AS-POLISHED) . RECTANGLE INDICATES 
MODEL ELEMENT FOR DESCRIBING FIBER ARRAY. 
FIGURE 2. - CRACKS I N  CARBON-RICH COATINGS OF TWO TOUCHING FIBERS (AS-POLISHED). 
FIGURE 3. - RECTANGULAR GRAIN STRUCTURE I N  TRANSVERSE PLANE OF COMPOSITE (SPECIMEN 
POLISHED AND ETCHED). 
FIGURE 4. - SUBGRAINS IN Ti -15-3 MATRIX (SPECIMEN POLISHED AND ETCHED). 
FIGURE 5. - SMALL GRAINS ADJACENT TO A FIBER SHOWN AFTER FIBER HAS BEEN POLISHED 
THROUGH (SPECIMEN POLISHED AND ETCHED). 
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FIGURE 6 .  - LARGE, WHITE PARTICLES OF Ti  C AND U - P  LAMELLAR STRUCTURE FORMED FROM 
Ti WIRE WOVEN BETWEEN FIBERS PRIOR TO CONSOLIDATION (SPECIMEN POLISHED AND ETCHED). 
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FIGURE 7 .  - PORTION OF FIBER IN POLISHED AND INTERFERENCE-LAYERED CONDITION SHOWING REGIONS 1 TO 7. 
FIGURE 8. - TRANSMISSION ELECTRON MICROSCOPE (TEN) MICROGRAPH OF PYROLYTIC COATING (REGION 2) AND SMALL-GRAINED S I C  
(REGION 3 ) .  
( A )  LARGE, ELONGATED GRAINS CONTAINING STACKING FAULTS. 
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F IGURE 9. - TRANSMISSION ELECTRON MICROSCOPE (TEN) MICROGRAPH OF LARGE-GRAINED S i  C (REGION 4 )  AND DIFFRACTION PATTERN. 
( A )  DARK F I E L D  MICROGRAPH OF S i c  GRAIN (FAULTS EDGE-ON). 
(B) [ 0 1 1 1  D IFFRACTION PATTERN I N D I C A T I N G  <Ill> DIRECTION 
PARALLEL TO GROWTH DIRECTION OF GRAIN. 
F IGURE 1 0 .  - DARK F I E L D  MICROGRAPH OF ONE S I C  GRAIN (REGION 4 )  AND DIFFRACTION PATTERN. 
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FIGURE 1 1 .  - TEN MICROGRAPH OF VARIOUS ZONES WITHIN CARBON-RICH COATING (REGION 5) AT FIBER/MATRIX INTERFACE. 
FIGURE 12. - DIFFRACTION PATTERN SHOWING AMORPHOUS STRUCTURE IN ZONE I I I OF CARBON-RICH COATING. 
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(A) SILICON CONTENT AS FUNCTION OF POSITION WITHIN CARBON-RICH COATING. 
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FIGURE 13. - ELEMENTAL ANALYSES FOR SILICON CONTENT IN CARBON-RICH COATING (REGION 5 ) .  
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FIGURE 14. - TEM MICROGRAPH OF REACTION ZONE (REGION 6) AND DIFFRACTION PATTERN. 
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FIGURE 15. - DARK FIELD MICROGRAPH OF SMALL PARTICLES OF T i  C WITHIN OUTER PORTION (ZONE I V )  OF CARBON-RICH COATING 
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FIGURE 16. - TRACE OF MICROPROBE ANALYSIS ACROSS FIBER WHICH WAS SECTIONED OBLIQUELY TO' 
EXAGGERATE S IZE  OF INTERFACE AREA (INTERFENCE LAYERED). 
sic 
"rI ZONES I TO I I 1  ZONE lV CARBON-RIC SILICON-RICH MATRIX REACTION REACTION 1 1 O N  1 ZONE 1 
1 
4 -  : /- 
I F l BER '\ 
I CONSTITUENTS 
I 
Ti 
C" 2 -  - -- s i t 
L 
------- c 
3 
z 
E 0 I I I (A) FIBER CONSTITUENTS. 
MATRIX 
CONSTITUENTS 
10 Ti 
1 I I Idl-1 .- 0 I I 
0 25 50 75 100 125 150 175 200 
DISTANCE FROn FIBER. prn 
(B) RATRIX CONSTITUENTS. 
FIGURE 17. - ELEPIENTAL X-RAY INTENSITY AS FUNCTION OF POSITION (HICROPROBE ANALYSIS). 
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